The vocal fold tissue is considered as the composite of a porous elastic frame (composed of specialized proteins, carbohydrates, lipids, collagen fibers, and elastin fibers) filled with liquid. The properties of tissue are codetermined by the porous solid, the fluid, and their interaction. The poroelastic description of the vocal fold tissue could improve our knowledge about the mechanical properties and microstructures of these biological tissues. In this study, a self-oscillating poroelastic model is proposed to study the liquid dynamics in the vibrating vocal folds, where the vocal-fold tissue is treated as a transversally isotropic fluid-saturated porous material. Rich liquid dynamics have been found in this model. In the vertical direction, the liquid is transported from the inferior side to the superior side due to the propagation of the mucosal wave. In the longitudinal direction, the liquid is accumulated at the anterior-posterior midpoint. However, the strong collision between two vocal folds forces the accumulated liquid out there in a very short duration. These findings of the liquid dynamics could be helpful for exploring etiology of some laryngeal pathology, optimizing laryngeal disease treatment, understanding hemodynamics in the vocal folds, etc.
I INTRODUCTION
The knowledge of the vocal fold vibration not only gives an insight into voice production but also provides important information about laryngeal pathology development. Computer model provides researchers an economic way to gain extensive information of vocal fold vibration involved in voice production, since their parameters and configurations can be easily defined and manipulated.
Any model should be simple enough to conceptualize the process, but also complete enough to approach the real phenomena. The elastic model of the vocal folds (Titze, 1976; Jiang, et al., 1998; Alipour, et al., 2000; Hunter, et al., 2004 ) is a good balance between simplicity and completeness, where the vocal fold tissue is usually treated as a continuous elastic solid (Titze, 1976; Alipour et al., 2000) . Indeed, the elastic models are elegant in describing the wave propagation in the vocal fold tissue and conceptualizing the production of the vocal fold self-oscillation during phonation. Therefore, they have been widely used to explore vocal fold collision (Gunter, 2003; , biphonation , vocal fold abduction/adduction (Hunter, et al., 2004) , vibration mode (Berry and Titze, 1996) , energy transfer during phonation (Thomson et al., 2005) , ranking model parameters (Cook et al. 2009 ), parameter estimation (Schmidt, et al., 2011) and so on.
However, the elastic model ignores one important characteristics of biological tissue, that is, the vocal fold tissue is not an elastic solid, but a porous elastic frame (composed of specialized proteins, carbohydrates, lipids, collagen fibers, and elastin fibers) filled with liquid, which causes the elastic model to be doubtful in explaining many phenomena related with liquid properties of tissue.
In order to overcome the shortage of elastic models, the poroelastic theory (Biot, 1956; Mow et al., 1980 ) is employed to describe the acoustical and vibratory characteristics of various biological tissues, such as human cancellous bone, the lumbar disc, vesicles, cartilage, tendon, and so forth. In these studies, the biological tissues are considered as the composite of the elastic porous solid and the fluid occupying the pores. The properties of tissue are codetermined by the porous solid, the fluid, and their interaction. These studies significantly improve our knowledge about the mechanical properties and microstructures of these biological tissues. Recently, the poroelastic theory has also been used to describe the viscoelastic behavior of the vocal tissue (Zhang et al. 2008) , the liquid redistribution in the vocal folds during phonation (Tao et al., 2009; Tao et al. 2010) , and the normal model of the vocal folds vibration (Tao and Liu, 2011) .
In this study, we developed a self-oscillating model of the vocal folds, which consist of hydrated tissue. The poroelastic theory describes the dynamical behavior of vocal tissue. By coupling the glottal airflow, this model can generate self-oscillation. Using the developed model, we explore the spatiotemporal liquid dynamics in a vibrating vocal fold, especially during the process of collision.
II. MODEL DEVELOPMENT
The model used in the current study is introduced briefly in this section and more detailed can be found in (Tao, et al., 2009) . The vocal fold is approximately represented by a rectangular parallelepiped with thickness (T) 0.4 cm, depth (D) 1.0 cm, and length (L) 1.6 (cm), where the lateral, anterior-posterior (AP), and inferior-superior distances are defined in x, y, and z coordinates, respectively, as shown in Fig.1 .
The Equation of Motion
It is assumed that the vocal fold tissue is transversally isotropic and follows the fluid-saturated porous tissue description. Moreover, for the sake of simplicity, it is assumed that the vocal folds are left-right symmetric about their mid-plane, and there is no longitudinal strain for the poroelastic solid frame. This assumption agrees with observations of trajectories of vocal-fold tissue flesh points during oscillation, where it was found that the longitudinal movement is much smaller than the lateral and vertical movement (Döllinger, et al., 2005) . The equation of motion of the vocal folds can be described by the following equations:
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Boundary and Initial Conditions
Given boundary conditions and initial conditions, we can completely determine the displacement vectors of the solid frame the liquid at any time by solving Eqs. (1-3) .
The fixed boundary conditions (u i = U i Ł 0, i = x, y, z) were applied on the anterior side, posterior side, and the lateral surface, as shown in Fig.1(a) with the gray plane. The free boundary conditions were applied on the superior and inferior surface. Moreover, because the vocal fold mucosal covering consists of a stratified squamous epithelium and the liquid in the vocal folds cannot infiltrate from the epithelium, it is assumed that there is no relative movement (u i = U i , i = x, y, z) between liquid and solid in the boundary surface.
In order to generate the vocal fold oscillation, the medial surface was applied by a drive force P air , which follows Bernoulli's law,
In Eq.(6), G(z) represents the glottal area at position z. z m is the position, where G(z m ) reaches its minimum value
. P s is the subglottal pressure. u 0 = 0.05 cm is the prephonatory glottal half-width. Because of the assumption of left-right symmetry, the interaction between the vocal fold and a mid-plane (x = -0.05cm) was used to represent the collision between one vocal fold and the opposing vocal fold (Gunter, 2003; . Once the medial surface of the right vocal fold contacts or crosses the mid-plane (u 0 + u x (y, z) 0), impact occurs. The displacement at the collision point is enforced to u x (y, z) = -u 0 until the vocal folds are separated again u 0 + u x (y, z) > 0. The initial displacements of all nodes are set as zero. An initial velocity 20cm/s is applied to the nodes on the inferior half of the medial surface, and the velocity of all the other nodes are initiated as zero. The partial differential equations (1-3) were solved numerically using the finite difference scheme (Tao et al., 2009 ).
III. RESULTS
Using the above proposed model, we study the spatiotemporal characteristics of the liquid movement in a vibrating vocal fold. The model parameters used in this study are given in Table 1 , which are the same as those used in the previous study (Tao, et al., 2009) . For convenience of the following discussion, two cross-sections are defined, as shown in Fig.1 .
Validation of the Self-Oscillating Poroelastic Model
Before the proposed model is used to study the liquid dynamics in the vibrating vocal folds, the temporal pattern of glottal width and surface displacement of the vocal folds are given as the basic model output. Figure 2 (a) illustrates the glottal width as a function of time, where the lung pressure is P L = 0.8 kPa ( § 8 cmH 2 O). G w is an approximate triangular wave form. During the collision of the vocal folds, the vocal folds contact at the mid-line of the glottis, the glottal is closed, and the glottal width G w is zero. When the glottal is opened completely, the maximum glottal width is about 1.0 mm at P L = 0.8 kPa. The waveform and peak value of the glottal width agree with the excised larynx experiments and clinical observation using the high speed video (Dollinger, et al. 2005; Tao et al., 2007) . Figure 2 (b) presents the lateral displacement u x of the solid component at the AP midpoint of the medial surface, where curves 1 ~ 7 correspond to the position from the inferior side to the superior side z = 1.2 mm ~ 3.6 mm. The displacement waveforms of the nodes at z =2.8 mm, 3.2 mm, and 3.6 mm (curves 5, 6, 7) are sinusoidal-like in shape since the collision is weak in this region. However, the waveforms at z =1.2 mm, 1.6 mm, 2.0 mm, and 2.4 mm (curves 1, 2, 3, 4) are deformed. The wave trough becomes level since the strong impact compresses the vocal folds. Moreover, the phase of u x waveform on the interior side is in advance of that near the superior position. This is because the mucosal wave propagates from the inferior side to superior side along the medial surface of the vocal fold mucosa. It can be roughly estimated from Fig.2 (b) that the mucosal wave velocity is about 3.3 m/s, which is within the range of mucosal wave velocity measured in experiments (Hanson, et al., 1995; Jiang, et al., 2000; Shau et al., 2001) .
All above results are reasonable when compared with previous numerical simulation (Alipour et al., 2000) and experimental observations (Jiang, et al., 2000) , which provide a primary validation of the proposed poroelastic model. The lateral displacement u x of wave forms at the anterior-posterior midpoint of medial surface, where curves 1, 2, 3, 4, 5, 6, 7 correspond to nodes at z = 1.2 mm, 1.6 mm, 2.0 mm, 2.4 mm, 2.8 mm, 3.2 mm, 3.6 mm, respectively. In this figure, the three dotted lines correspond to t = 4.5 ms (before collision), t = 6.0 ms (in the process of collision), t = 8.0 ms (after collision).
Liquid movement in the vocal cover
The vocal cover of mature human is composed of the epithelium and the superficial layer of the lamina propria (also known as Reinke's space). The cover is very loose and abundant with interstitial proteins and liquid, which allow the cover slide over the deep layer easily (Hirano, et al., 1982) . The vocal fold cover determines the viscoelastic characteristics of the vocal folds and serves as the vibratory component in phonation. Moreover, many vocal diseases, such as Reinke's edema, nodules and scars, often appear in this layer. Therefore, the knowledge of the liquid dynamics in the vocal fold cover is important for understanding the vocal fold vibration and the vocal disease development.
Figures 3-4 illustrate the relative displacement vector and the relative velocity vector in the subsurface A. This plane A is located 0.1 cm below the medical surface, which corresponds to the cover layer of the real vocal folds, as shown in Fig.1. In Fig.4 , in order to show the longitudinal liquid velocity clearly, the relative velocity components in y and z directions are plotted with a scale factor 10:1. In contrast to the solid component, the longitudinal movement of liquid component is allowed in the poroelastic model. Rich fluid dynamics in the y direction can be observed in the vocal cover, as shown in Figs.3-4 .
Before collision (t = 4.5 ms), the displacement vectors are pointing to the AP midpoint of the vocal folds as shown in Fig.3(a) , which suggests the liquid accumulation at the AP midpoint. At the same time, the velocity vector at the anterior and posterior sides has the maximum length and is pointing to the AP midpoint, as shown in Fig.4(a) . It is said that the liquid is moving toward to the midpoint. These results agree with the previous simulation, analytic results and the experimental measurements Tao, et al. 2009; 2010) . In addition, we can notice the most serious liquid accumulation appear at the AP midpoint of the inferior lip, where the peak of mucosal wave just reaches at that moment. At time 6.0 ms, the peak of the mucosal wave locates at about z = 2.0 mm and the collision also occurs there [the solid (red) line box in Figs.3(b) and Fig.4(b) ]. The relative displacement vectors converge at the collision region, i.e., the maximum level of liquid accumulation locates at the peak of mucosal wave.
An interesting phenomenon of the liquid dynamics should be notice in the stage of vocal fold collision. It is that the displacement vectors are convergent at the collision region [ Fig.3(b) ]. However, the velocity vectors point to the opposite direction, and they are divergent at the same region, as shown in Fig.4(b) . It means that the liquid accumulated at the collision zone is quickly escaping from there. Moreover, the velocity vectors are longest around the collision, where the liquid escape is fastest. This phenomenon could be explained as the results of the joint effects of the mucosal wave propagation and the vocal fold collision. The collision occurs where the mucosal wave reaches its peak. The peak of mucosal wave causes the liquid accumulation as we have discussed above. However, the strong impact effect squeezes out the liquid from this region. Finally, Figs.3(c) and 4(c) illustrate the displacement and velocity maps after the collision. As the results of collision, the level of liquid accumulation at the AP midpoint is significantly decreased, shown by the relative displacement vectors in Fig.3(c) . Simultaneously, the relative velocity vector near the collision region is pointing to the AP midpoint, as shown in Fig.4(c) . The liquid begins accumulating toward the AP midpoint again.
IV. DISCUSSION AND CONCLUSION
We have studied the spatiotemporal characteristics of the liquid dynamics in vibrating vocal folds. Collision between the left and right vocal folds causes the abrupt change of the liquid distribution around the collision region. Moreover, the duration of collision is so short that the velocity and acceleration of the liquid movement induced by collision is high. Before the collision, the liquid is accumulated toward the AP midpoint. However, the collision quickly pushes the accumulated liquid out from there. Moreover, in the time domain, it can be found that the process of liquid redistribution is extremely short since the collision has a short duration. It means that the velocity and acceleration of liquid are high during this collision-induced liquid redistribution process. According to Newton's second law of motion-force and acceleration, a large force is needed to generate a high acceleration. Therefore, part of the impact force is assigned to accelerate liquid movement, and the impact energy spread out with the moving liquid. In other words, the moveable liquid component in the vocal tissue could be able to absorb impact force. Based on this phenomenon, we can hypothesize that the liquid motion could be helpful for avoiding the tissue damage induced by the vocal fold collision. The vocal folds with dehydrated tissue could have higher risk of a lesion than those with the hydrated tissue. This hypothesis is worth being examined in the further studies.
In summary, the poroelastic theory can provide rich spatiotemporal information about liquid dynamics in the vibrating vocal folds, which cannot be predicted by the often-used elastic solid theory. Rich liquid dynamics have been founded in this study. The information about the liquid motion could be helpful for exploring etiology of some laryngeal pathology, optimizing disease treatment (e.g. drug deliver in the vibrating tissue), understanding hemodynamics in the vocal folds, and so on.
